• We invert large sets of longitudinal river profiles. Fits to data are excellent • Our history of uplift is consistent with independent geological calibration • We have reconstructed the evolution of dynamic topography in Africa since 50 Ma Abstract It is generally accepted that Cenozoic epeirogeny of the African continent is moderated by convective circulation of the mantle. Nevertheless, the spatial and temporal evolution of Africa's "basin-and-swell" physiography is not well known. Here we show how continental drainage networks can be used to place broad constraints on the pattern of uplift through space and time. First, we assemble an inventory of 710 longitudinal river profiles that includes major tributaries of the 10 largest catchments. River profiles have been jointly inverted to determine the pattern of uplift rate as a function of space and time.
Introduction
The striking "basin-and-swell" physiography of Africa's landscape and the likelihood that it is maintained by deep Earth processes have long been recognized (Figure 1 ) [e.g., Holmes, 1944; Burke, 1996; Gurnis et al., 2000] . It is now accepted that this physiography is a surficial manifestation of convective circulation within the sublithospheric mantle [e.g., Burke and Gunnell, 2008; Al-Hajri et al., 2010] . Africa is a useful natural laboratory for studying regional epeirogeny for several reasons. First, it is surrounded by passive margins and has been mostly unaffected by regional shortening since Paleozoic times, aside from a short strip of plate convergence along the Mediterranean coast. Secondly, the African plate has moved slowly within a hot spot frame of reference since early Oligocene times [Burke, 1996; De Wit, 2003] . Scotese et al. [1988] proposed that the African plate has moved northward by less than 10 • since chron 5 (∼59 Ma). If so, mechanical coupling between vertical stresses at the base of the lithosphere and vertical motion at the surface is not complicated by horizontal translation [Lithgow-Bertelloni and Richards, 1998 ].
African hypsometry is strikingly anomalous since ∼50% of its topography stands at elevations of greater than 500 m [Bond, 1978] . Long-wavelength elevation of subequatorial Africa comprises the most substantial contribution to this anomalous hypsometry (Figure 1a ). Nyblade and Robinson [1994] showed that this region is surrounded by oceanic floor with anomalously shallow bathymetry, which suggests the existence of a convectively maintained "superswell" centered on the Kerguelen Plateau in the Southern Ocean. This "superswell" has a wavelength of ∼10 4 km. More localized swells with wavelengths of ∼10 3 km or less occur throughout Africa. These swells are clearly expressed by long-wavelength free-air gravity anomalies (Figure 1b) [Tapley et al., 2005] . [Winterbourne et al., 2009] . Red, green, and blue contours = positive, zero, and negative values of dynamic topography plotted at 333 m (i.e., 10 mGal) intervals; circles = residual topographic anomalies calculated from well-constrained sedimentary and crustal thicknesses; triangles and inverted triangles = minimum and maximum estimates, respectively; sparse filigree = residual topography calculated from ship-track bathymetry and National Geophysical Data Center (NDGC) sedimentary thickness archive [Divins, 2008] . (c) Earthquake seismicity and volcanism. Circles = earthquakes of M w > 4 between 1973 and 2013 from Incorporated Research Institutions for Seismology catalogue (www.iris.edu). Pink triangles = Cenozoic volcanism [Thorpe and Smith, 1974; Woolley, 2001; Liégeois et al., 2005] . Black line = 1 km topographic contour. (d) Lithospheric thickness of Africa calculated from surface wave tomographic model [Al-Hajri et al., 2010] . Contour interval = 20 km. Colored circles = estimates of crustal thickness calculated from inversion of teleseismic receiver functions [Nair et al., 2006; Dugda et al., 2005; Tokam et al., 2010] .
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Africa shows that the admittance, Z = 30-40 mGal km −1 [McKenzie and Fairhead, 1997; Jones et al., 2012] . These values imply that the Bié, Namibian, and South African swells are dynamically supported by sublithospheric density anomalies. The spatial distribution of dynamic support calculated from free-air gravity anomalies is shown in Figure 1b . Larger upwellings and downwellings are associated with minor seismicity ( Figure 1c) . The relationship between topography and crustal thickness variation suggests that regional uplift and subsidence are not accounted for by crustal isostasy alone (Figure 1d ). Beneath elevated regions such as South Africa and the Afar region, crustal thicknesses are 33 km and 20 km, respectively [Nair et al., 2006; Dugda et al., 2005] . The northern margin of the Congo basin has a crustal thickness of >45 km, whereas the adjacent Cameroon Line has crustal thicknesses of 25-33 km [Tokam et al., 2010] .
Inferences based upon long-wavelength gravity anomalies, magmatism, and crustal thickness measurements are corroborated by the results of body wave and surface wave tomography. In the lower mantle beneath southern Africa, body wave models show that there is a large slow velocity anomaly [Ni et al., 2002] . This irregularly shaped feature has a footprint of 2000 × 4000 km on the core-mantle boundary and a height of 2000 km. It is thought to be a predominantly thermal anomaly, although the sharpness of its southwestern edge suggests that compositional variation plays a moderating role [Gurnis et al., 2000] . Farther north, slow shear wave velocity anomalies occur in the upper mantle beneath Afar and the Red Sea [e.g., Gurnis et al., 2000; Ritsema et al., 2011] . Surface wave tomographic models can be used to estimate the lithospheric thickness beneath Africa (Figure 1d ) [Priestley and McKenzie, 2006; Fishwick and Bastow, 2011] . Three substantial cores of lithosphere, whose thicknesses exceed 200 km, occur in subequatorial Africa and in northwest Africa [Priestley and McKenzie, 2006] . These cores are associated with negative long-wavelength free-air gravity anomalies and have smaller positive anomalies distributed around their margins. Surface wave tomographic models show that slow velocity anomalies are associated with some, but not all, of these positive gravity anomalies [Al-Hajri et al., 2010] . These anomalies are consistent with the presence of warm material beneath the base of the lithosphere. A thickened lithospheric keel sits beneath the Congo Basin and may coincide with convective downwelling [Crosby et al., 2010] .
Body wave tomographic models are often used as a basis for dynamic calculations that attempt to predict the spatial and temporal evolution of convectively maintained topography [e.g., Lithgow-Bertelloni and Richards, 1998; Forte et al., 2010] . Some of these calculations have been tested using observed uplift rates from southern Africa [Gurnis et al., 2000; Conrad and Gurnis, 2003] . Moucha and Forte [2011] simulate convective circulation backward in time from the present day to 30 Ma to predict the growth of dynamic topography. These different approaches are moderately successful in accounting for the growth of long-wavelength (>1000 km) topography. They are less successful at predicting shorter wavelength (< 1000 km) basins and swells.
The spatial and temporal organization of convective circulation that gives rise to Africa's distinctive physiography remains poorly understood. While Ebinger and Sleep [1998] argue that lithospheric structure exerts a fundamental control on the spatial distribution of African magmatism, Hansen et al. [2012] use body wave tomography to suggest that upper mantle structure is linked to deeper thermochemical upwelling. Multiple, discrete deep-seated plumes have also been invoked, based upon trace element geochemistry and joint inversion of receiver functions, gravity data, and teleseismic S and SKS arrival times [e.g., George and Rogers, 2002; Chang and Van der Lee, 2011] . Changes in lithospheric thickness and architecture probably play a key role in the generation of basaltic melt beneath Africa [White and McKenzie, 1995; Priestley et al., 2009] . However, the spatial pattern of Cenozoic magmatism may not necessarily reflect short-wavelength dynamic support [Jones et al., 2012] .
Gravity-and seismology-based models do not constrain the temporal evolution of dynamic topography [e.g., Forte et al., 2010] . However, stratigraphic records, especially offshore sedimentation histories, may help to constrain the development of basins and swells [White and Lovell, 1997; Jones et al., 2012] . Sahagian [1988] used the elevation of Cretaceous shoreline deposits to obtain broad constraints on cumulative uplift. Winterbourne et al. [2009] calculated residual (i.e., dynamic) topography for the oldest oceanic lithosphere around the margins of Africa (Figure 1b) . Their results show that Africa's continent-ocean boundary is warped by up to ± 1 km over wavelengths of order 10 3 km. Here we wish to investigate how onshore drainage networks respond to these changes in dynamic topography. Our principal goal is to use an inventory of longitudinal river profiles to estimate spatial and temporal patterns of dynamic topography during the Cenozoic Era.
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Drainage Networks and River Profiles
River profiles of 710 of Strahler order ≥5 were extracted from a digital topographic data set generated from the Shuttle Radar Topographic Mission [Farr et al., 2007] . Flow-routing algorithms from the ArcGIS software package were used to extract the drainage network [Tarboton, 1997] . Sixty percent of Africa is drained by 10 large rivers and their tributaries (Figure 2 ). The fidelity of these calculated drainage networks was checked using Landsat imagery (Figure 3 ). Although drainage is sometimes absent, or masked by sand seas in arid areas (e.g., northwest Sahara Desert and Somalia), ∼95% of Africa is drained by either permanent or ephemeral rivers. Drainage patterns are closely controlled by the distribution of basins and swells ( Figure 2b ). The majority of swells have radial drainage patterns, whereas low-lying regions are characterized by meandering drainage. This striking correlation suggests that the present-day drainage planform developed during growth of the basin-and-swell physiography.
Longitudinal profiles of 10 major African rivers are shown in Figure 4 . Some of these profiles (e.g., Niger and Shebelle) are concave upward, but many others have dramatic changes of slope on different length scales (e.g., Senegal, Volta, and Zambezi). Older swells in North and East Africa, especially Hoggar and Tibesti, are drained by rivers which have mature, concave upward profiles, whereas the youthful swells of subequatorial Africa have immature, convex upward profiles.
Short-wavelength (<10 km) changes in slope (i.e., knickpoints) can be controlled by changes in bedrock lithology [e.g., Cook et al., 2009] . Longer-wavelength changes in slope (i.e., knickzones) correlate poorly with lithology. Smoothly varying changes in slope are more likely to have been generated by discrete episodes of regional uplift [e.g., Seidl and Dietrich, 1992; Rosenbloom and Anderson, 1994] . Along many profiles, significant slope changes exist with wavelengths of tens to hundreds of kilometers (e.g., Senegal, Ogooue, and Limpopo rivers; Figure 4 ). Analysis of 710 river profiles suggests that correlations between slope or curvature and lithology are weak ( Figure 5 ). This inference is consistent with the study of Kirby et al. [2003] who calculated steepness indices for channels draining eastern Tibet. They found a poor correlation between lithology and steepened reaches, which they attributed to differential rock uplift. Pritchard et al. [2009] and Roberts and White [2010] developed and applied algorithms that determine the uplift rate as a function of time, U(t), required to minimize the misfit between observed and calculated river profiles. Subsequently, these approaches were generalized by Roberts et al. [2012a] who showed that large inventories of river profiles can be simultaneously inverted to determine uplift rate as a function of both time and space, U(x, y, t). These strategies imply that uplift rate exerts the key control on the shape of a river PAUL ET AL.
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where z and x are the elevation of and the distance along a river profile, t is time before present day, and E is erosion. Knickzones are assumed to be primary manifestations of discrete uplift pulses along a profile. After a period of high uplift rate, a river profile will evolve through time as a result of headward propagation of a knickzone. In this way, a wave of erosion travels upstream, which results in localized steepening of the channel [Whipple and Tucker, 1999] . It is often assumed that the rate of erosion varies as a function of upstream drainage area, A(x), and time, t, so that, along a river,
where m∕n is known as the concavity index [Whipple and Tucker, 1999] . A m is a crude proxy for the average discharge along each river [see Hack, 1957; Rosenbloom and Anderson, 1994; Roberts et al., 2012a] . If n = 1 and m = 0, v is defined as the advective (i.e., knickzone retreat) velocity. The rate at which knickzones retreat depends upon stream power, bedrock strength, and sedimentary flux [e.g., Sklar and Dietrich, 2001; Brocard and van der Beek, 2006] . In a forward model, the shape of a river profile is calculated from a given temporal and spatial distribution of uplift rate. In the absence of erosion, the shape of a river profile is simply ∫ (g and h) Difference in tensile strength, Δ t , as function of slope and curvature for 710 African rivers [Sklar and Dietrich, 2001] . In each case, maximum value of Δ t is estimated within 5 km moving window.
et al., 2012a] . This algorithm jointly inverts large sets of river profiles by varying uplift rate through time and space. A conjugate gradient method is used to systematically vary discretized values of uplift rate until the misfit between observed and calculated river profiles is minimized [Press et al., 1992] . It is important that uplift histories retrieved in this way are carefully calibrated against independent geologic observations. In this way, smooth temporal and spatial histories of uplift rate are retrieved.
Landscape Response Time
It is instructive to examine how a knickzone produced by block uplift propagates upstream with time from the mouth of a river [Roberts et al., 2012a] . If n = 1, the time taken for a kinematic wave of incision to travel up to a given point along the river channel, G , the Gilbert time, is given by
where x is distance along the river. Whipple [2001] used a similar approach to derive channel response times for Taiwan by calculating v from river steepness indices and independent estimates of uplift rate. Thus, river channels act as "tape recorders" of uplift rate histories, and G provides a useful estimate of the maximum recording duration. Figure 6 shows how G varies across Africa. Shorter rivers along the coastline can only constrain young (i.e., Neogene) uplift events. Hatching and cross-hatching = regions where G calculation breaks down and regions where drainage cannot be reliably recovered.
Uplift as Function of Time
The Bié dome is a high-relief topographic swell that coincides with a +30 mGal long-wavelength free-air gravity anomaly (Figures 1b and 7a ). It is underlain by a patch of slow shear wave velocity at 80-100 km depth [Fishwick and Bastow, 2011] . Diamond-bearing kimberlites occur around the periphery of the nearby Congo Craton, suggesting that previously thickened lithosphere has subsequently been thinned [McKenzie and Priestley, 2008] . This swell is characterized by a radial drainage pattern and, since it intersects the coastline, westward draining rivers reach the sea over short distances. Along the coastline and shelf, there is evidence for post-Neogene uplift. Onshore, emergent Plio-Pleistocene marine terraces suggest an uplift rate of ∼0.3 mm yr −1 which dies out further north [Guiraud et al., 2010] . Offshore, the geometry and acoustic velocities of truncated deltaic foreset deposits have been used to infer >500 m of post-Pliocene uplift [Lavier et al., 2001; Jackson et al., 2005; Al-Hajri et al., 2010] .
The M'Brige, Ngunza, and Coroca Rivers drain westward across the northern, central, and southern parts of the Bié dome's western flank ( Figure 7 ). The Ngunza River crosses directly through the center of a positive free-air gravity anomaly located over the Bié dome. Its longitudinal profile is characterized by a steep knickzone ∼100 km from the coast (Figure 8d ). Farther south, the Coroca River has a broader knickzone PAUL ET AL.
©2014. American Geophysical Union. All Rights Reserved. These three westward draining rivers are short compared to the length scale over which swell uplift occurs, and it is reasonable to invert them by allowing uplift rate to vary as a function of time only (Figure 8 ). In all three cases, G is small so that these profiles can only act as Neogene tape recorders. In each case, uplift rate is varied until the misfit between the calculated and observed river profile is minimized. The algorithm is highly damped, which ensures that a smooth variation of uplift rate as a function of time is obtained. Monte Carlo modeling helps to assess how uncertainties in the four erosional parameters (v, m, n, and ) affect uplift rate histories. It is clear that resolution decreases with time. Rosenbloom and Anderson [1994] suggested that is probably less than 5 × 10 5 m 2 Ma −1 . Nevertheless, it is possible that varies by many orders of magnitude (e.g., 1-10 7 m 2 Ma −1 ). In our case, river profiles are sampled every 10-20 km, which indicates that the minimum resolvable value of is 10 7 m 2 Ma −1 . This value exceeds all reported estimates which suggests that "erosional diffusivity" can be ignored [Roberts et al., 2012a] . Advective retreat of uplift signals appears to be the dominant process.
If is zero, the relationship between v and m for a portion of a river profile, which was uplifted at some earlier time, is given by
v and m trade off negatively with each other, and different combinations of values will fit a given river profile. In Angola, this relationship has been calibrated for westward draining rivers since the Bié dome has a minimum post-Pliocene uplift rate of 0.3 mm yr −1 at the coast [Guiraud et al., 2010] . If n = 1 and m = 0.35, we obtain v = 3.62 and can constrain z∕ t, the local incision rate. If different values of m are chosen, v ≈ 1.46 × 10 4 (4.96 × 10 −11 ) m .
All three profiles are adequately fitted using an uplift rate history, which suggests that the Bié dome grew in at least two phases. Uplift commenced around 30-40 Ma at a rate of 0.05-0.1 mm yr −1 . A second phase of uplift starts at ∼10 Ma, reaching a peak of 0.3 mm yr −1 at 5 Ma ( Figure 8 ). Both phases are consistent with a history of uplift determined from onshore and offshore geologic observations [Jackson et al., 2005; Guiraud et al., 2010] .
In Figures 9-11, the way in which residual misfit varies as a function of each erosional parameter is systematically investigated for river profiles with different lengths (Barroso, Ngunza, and Limpopo). Pritchard et al. [2009] argued that n is probably ∼1 since there is little evidence that shock wave behavior occurs along trunk rivers and their tributaries. If shock waves do occur, knickzone retreat could erase parts of uplift rate histories, and reconstructed records would contain gaps [Pritchard et al., 2009; Royden and Perron, 2013] . We carried out a series of inversions for each river with n permitted to vary between 0 and 2. When inversions are carried out over a 50-100 Myr interval, a global minimum occurs at n = 1. Its position does not vary for different degrees of smoothing and/or of discretization.
Figures 9-11 show that river profiles are best fitted if m = 0.3-0.5, which fall within the published range [e.g., Schoenbohn et al., 2004] . Increasing v displaces uplift events closer toward the present day since rates of knickzone retreat depend upon vA m . Finally, residual misfit varies weakly with A because of the fractional exponent. Thus, A can change without seriously affecting our results. This observation suggests that solutions are not unduly sensitive to slow migration of drainage divides or to moderate river capture events. There is limited evidence that A can rapidly change. For example, the upper reaches of the Zambezi River were probably captured in Plio-Pleistocene times, which doubled the catchment area and the sedimentary flux [Walford et al., 2005] . On the other hand, there is also evidence which from southern Africa that drainage configurations of the Orange and Vaal Rivers were established in Late Cretaceous times and have remained largely unchanged [Partridge and Maud, 1987; Dollar, 1998; De Wit, 1999] .
Uplift as Function of Time and Space
In general, the assumption of spatially uniform uplift cannot be valid, and U varies as a function of both time and space. In principle, knickzones can form at any location along a river profile. For single profiles, spatial and temporal patterns of uplift rate are indistinguishable. However, we can apply the method described by Roberts et al. [2012a] which simultaneously inverts multiple river profiles. Critically, this approach enables spatial and temporal signals to be distinguished.
First, we define the loci of vertices within an X × Y × T grid, where X, Y, and T are the number of spatial and temporal nodes, respectively. Secondly, a starting uplift rate history is chosen. For simplicity, we use a flat plane, upon which a grid of uplift rate values are set to zero. At any given time, the spatial variation of uplift rate along a given river profile is bilinearly interpolated from this grid. During the inversion procedure, an uplift rate history is sought that smoothly varies through time and space.
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©2014. American Geophysical Union. All Rights Reserved. . Erosional parameter testing for Barroso River. (a-g) n was varied systematically to determine value that yields smallest residual misfit between observed and predicted river profile. In Figures 9a-9c , different values of n change predicted river profile. Gray line = profile of Barroso River; dotted line = predicted river profile. Value of n in each case is shown at bottom left. In Figures 9d-9f , calculated uplift rate histories for best fitting theoretical river profiles shown in adjacent panels (dotted lines = unreliable uplift rate histories due to breakdown of assumption of spatially invariant uplift). In Figure 9g , misfit between theoretical and observed river profiles as function of n. Note position of global minimum at n = 1 marked by vertical arrow. (a-g) n was varied systematically to determine value that yields smallest residual misfit between observed and predicted river profile. In Figures 10a-10c , different values of n change predicted river profile. Gray line = profile of Ngunza River; dotted line = predicted river profile. Value of n in each case is shown at bottom left. In Figures 10d-10f , calculated uplift rate histories for best fitting theoretical river profiles shown in adjacent panels (dotted lines = unreliable uplift rate histories due to breakdown of assumption of spatially invariant uplift). In Figure 10g , misfit between theoretical and observed river profiles as function of n. Note position of global minimum at n = 1 marked by vertical arrow. Figure 11. Erosional parameter testing for Limpopo River. (a-g) n was varied systematically to determine value that yields smallest residual misfit between observed and predicted river profile. In Figures 11a-11c , different values of n change predicted river profile. Gray line = profile of Limpopo river; dotted line = predicted river profile. Value of n in each case is shown at bottom left. In Figures 11d-11f , calculated uplift rate histories for best fitting theoretical river profiles shown in adjacent panels (dotted lines = unreliable uplift rate histories due to breakdown of assumption of spatially invariant uplift). In Figure 11g , misfit between theoretical and observed river profiles as function of n. Note position of global minimum at n = 1 marked by vertical arrow. [Sahagian, 1988] ; black shading = distribution of indurated laterite during Paleogene times [Burke and Gunnell, 2008] ; gray shading = distribution of lateritic gravels; blue lobes at coastline = major deltas with Paleogene carbonate reef deposits [Nyagah, 1995; Salman and Abdula, 1995; Séranne and Nzé Abeigne, 1999; Ismail et al., 2010] . (b) Early Neogene paleogeography of Africa. Red triangles/shading = dated volcanic craters/flows [Thorpe and Smith, 1974; Ebinger et al., 1989; Reid et al., 1990; Woolley, 2001; Liégeois et al., 2005; Permenter and Oppenheimer, 2007; McDougall and Brown, 2009] ; warping of Cenomanian surface represented by stippled pattern < 0 km, black line = 1 km, and hatching >2 km [Sahagian, 1988] ; gray shading = > 10 mGal long-wavelength free-air gravity anomaly; brown lobes at coastline = major deltas showing age of onset of clastic deposition [Sestini, 1989; Nyagah, 1995; Salman and Abdula, 1995; Séranne and Nzé Abeigne, 1999; Anka and Séranne, 2004; Reijers, 2011] ; numbered red arrows = radiometrically dated marine deposits with average uplift rate given in mm yr −1 [Partridge and Maud, 1987; Odada, 1996; Partridge, 1998; Van der Wateren and Dunai, 2001; Roberts and Brink, 2002; Elmejdoub and Jedoui, 2009; Guiraud et al., 2010] .
We have chosen to minimize a trial function, H, where
The observed and calculated river profiles are , N is the number of data points along each river, M is the number of rivers, and n is the uncertainty in river profile elevation. The Lagrangian multiplier is (i.e., regularization parameter), ‖m‖ is the model norm, f is the positivity constraint (e.g., f = cosh U − 1 for U < 0, f = 0 for U ≥ 0), and w 1 is its weighting coefficient. Our aim is to find a smooth distribution of U that minimizes 2 for a collection of river profiles. An optimal model (i.e., the "smallest model") is defined by ‖m‖, which ensures that all spatial and temporal gradients and curvatures are smooth.
There is a well-known negative trade-off between model smoothness and model fit [Parker, 1994] . Improved resolution can only be obtained by degrading statistical reliability. There is no single optimal solution, but it is important to seek the smoothest model that yields the smallest misfit. acts to smooth first and second derivatives of U(x, y, t) through space and time. When is increased, the model norm, ‖m‖, decreases, and the data misfit, 2 , increases. An optimal degree of smoothing is determined by systematically varying .
Our starting assumption of a flat plane implies that the African landscape was low lying during Paleogene times (Figure 12a ) [Burke and Gunnell, 2008; Partridge, 1998 ]. There are four important lines of evidence to support this inference. The distribution of post-Albian marine deposits shows that large portions of (Table AI) . Cumulative residual misfit, 2 = 2.66.
North and East Africa were below sea level [Sahagian, 1988] . During Eocene times, widespread laterites and lateritic gravels covered the continent, notably between 20 • N and 30 • S. The existence of thick laterites suggests that topographic gradients were modest [Burke and Gunnell, 2008] . Carbonate reef deposits fringed several African deltas during Paleogene times, which is consistent with negligible clastic deposition Figure 14 . Inverse modeling of river profiles from nine major African catchments (Figure 2a) . In each case, labeled black lines = observed river profiles; red lines = calculated river profiles; 2 = cumulative residual misfit; N = number of river profiles (Table AI) . ( Figure 12a ). This prolonged period of tectonic quiescence was terminated by a burst of widespread magmatism, which started at ∼40 Ma and has continued to the present day. Cenomanian surfaces and lateritized peneplains were warped during Neogene times [Sahagian, 1988] . This abrupt change was accompanied by rapid increases in clastic efflux at various deltas (Figure 12b ).
We have simultaneously inverted 710 river profiles as a function of uplift rate history over the last 50 Myr (Table AI; Figures 13-15) . In order to make this problem computationally tractable, digitized river profiles were decimated. Profiles longer or shorter than 1000 km were sampled every 200 km or 20 km, respectively. and we set up a coarse grid of uplift rate values through space and time (500 km × 500 km × 2.5 Myr). This grid structure has 174 spatial and 21 temporal nodes.
Our goal is to minimize the misfit between observed and calculated river profiles selected from 10 major catchments and from >400 smaller rivers. River profiles from the Congo catchment are shown in Figure 13 . These 53 tributary profiles have been simultaneously fitted as part of an Africa-wide inversion (Table AI) . Observed and calculated profiles for rivers and tributaries from the other nine major catchments are shown in Figure 14 . Given the degree of decimation and the coarseness of our spatial and temporal gridding, cumulative residual misfits between observed and calculated profiles are small ( 2 ∼ 2.7).
A cumulative uplift history of Africa (i.e., the integrated uplift rate through time, ∫ t • U(x, y, t) dt) obtained by inverse modeling is shown in Figure 15 . This history suggests that modern African topography grew during the last 30-40 Myr, in accordance with a suite of geologic observations. There are two distinct phases of growth. During the first phase, the Hoggar, Tibesti, and Afar swells began to develop at 35-40 Ma, which is consistent with their magmatic histories [e.g., Woolley, 2001; Liégeois et al., 2005] . Growth of the Afar swell quickly outstripped the rest, spreading south along the nascent East African Rift with a peak uplift rate An important question concerns resolution of the cumulative rate history shown in Figure 15 . We have tried to ensure that the distribution of uplift through space and time does not overfit the drainage inventory by seeking the smoothest distribution that yields the smallest misfit (Figure 16 ). We tested a suite of models in which has been systematically varied (Figure 16b ). An appropriate balance between smoothness and misfit is achieved for ∼ 1.04. During a typical optimization, 2 decreases from 20.1 to 4.6.
Figures 17a and 17b summarize the quality of fit between calculated and observed river profiles. In general, the degree of misfit is small, especially for the longest river profiles (e.g., Nile, Congo, Niger, and Zambezi). Shorter river profiles are sometimes fitted less well, especially if they have sharp knickzones. In some instances, large misfits could indicate that important assumptions (e.g., invariant upstream drainage area) are violated. For example, river capture events triggered by initiation of rift flank uplift along the Red Sea margin could be responsible for poor fits to Nile tributaries that drain the Ethiopian Highlands [Macgregor, 2012] . The calculated present-day topography represents an upper bound estimate on African topography (i.e., it is a snapshot of the landscape prior to dissection by erosive processes). Therefore, it is appropriate to compare this surface with a summit envelope surface constructed by fitting loci of present-day drainage divides. Figures 17c and 17e show that these two surfaces are in good agreement. We find that 60% is accurate to within ±0.1 km of the summit envelope, and 90% of the calculated topography agrees to within ±0.25 km (Figure 17f ).
Shock Waves
There is much discussion in the geomorphologic literature concerning the value of n. Whipple and Tucker [1999] demonstrated that different values of n modify the calculated shape of a river profile for a given uplift history. Slope-area analyses of river profiles, which estimate m∕n, have been used to argue that n > 1, although this argument depends on the chosen value of m. Roberts et al. [2012b] showed that slope-area analysis is highly susceptible to random noise and that m∕n cannot be reliably retrieved in this way. Pritchard et al. [2009] argued that a shock occurs if the steeper reach of the river overtakes a less steep reach, which is propagating upstream at a lower speed. If vA m is approximated by v • x m and if L is the length of the river, they showed that a shock forms within the domain 0 ≤ x ≤ L if, and only if,
©2014. American Geophysical Union. All Rights Reserved. at some time during uplift. If a shock forms, the river erases part of its uplift rate history, and the reconstructed record contains a gap. Royden and Perron [2013] used a different argument to reach the same conclusion.
In one-dimensional inversions, where we seek smooth distributions of U(t), it is straightforward to test how varying n affects the residual misfit (Figures 9-11) . A similar approach can be used in three dimensions where we seek U(x, y, t). Figure 18 presents four inverse models that have been run with different values of n. The lowest residual misfit, 2 = 5.0, is obtained for n = 1. When n = 0, 2 = 9.2 and the qualitative match between calculated and observed river profiles throughout Africa is surprisingly good. This result suggests that the upstream drainage area, A, is the dominant control on incision rate. When n > 1, residual misfits are significantly larger, matches between calculated and observed river profiles are poor, and the calculated present-day cumulative uplift departs from the summit envelope.
Precipitation
Equation (2) implicitly assumes that average discharge along a river channel is a function of drainage area. Discharge must also vary as a function of precipitation. Since Late Cretaceous times, atmospheric circulation above Africa has probably been largely static with large areas of high pressure covering northern and southern regions [Parrish and Curtis, 1982] . During the Cenozoic Era, the ∼10 • northward drift of Africa fell within the width of a single Hadley cell (i.e., 20-30 • ), which controls the distribution of major latitudinal climate zones [Frierson et al., 2007] . Nonetheless, there is some evidence that continent-scale changes in precipitation have occurred during Cenozoic times [e.g., Partridge and Maud, 1987; Feakins and Demenocal, 2008; Wichura et al., 2010] . For example, regional Oligocene cooling of South Africa, possibly triggered by long-wavelength uplift, might have caused increases in erosion and deposition [Anka and Séranne, 2004] . Growth of the East African Rift may have induced orographic precipitation during Miocene times, whereas PAUL ET AL.
©2014. American Geophysical Union. All Rights Reserved. intensification of the Asian Monsoon (9-6 Ma) may have caused a reduction in East African precipitation rates [Feakins and Demenocal, 2008; Wichura et al., 2010] .
Mean annual rainfall varies from <0.001 m yr −1 in parts of the Sahara Desert to >5 m yr −1 in tropical rain forests [Nicholson, 2001] . Present-day aridity of the Sahara contrasts with higher Holocene precipitation rates recorded by freshwater algae, by paleosols, and by fluvial and lacustrine sedimentary rocks PAUL ET AL.
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(e.g., 150-400 mm greater than today) [Kröpelin and Soulié-Märsche, 1991] . Sparse records, such as distribution of organic-rich sapropel deposits and terrigenous dust in marine sediments, have been used to reconstruct Cenozoic precipitation [e.g., Feakins and Demenocal, 2008] . These reconstructions suggest that precessionally driven changes of insolation provided the fundamental pacing of humid-arid cycles during Miocene and Pliocene times [Feakins and Demenocal, 2008] . On longer timescales, leaf morphology has been used to suggest that arid regions of Africa have been wetter (e.g., ∼0.5-1 m yr −1 during Eocene times) [Jacobs and Herendeen, 2004] .
Even in the absence of a comprehensive history of precipitation rate, we can usefully explore how different periodicities and amplitudes of precipitation rate affect calculated uplift rate histories. Following Roe et al. [2002] and Wu et al. [2006] , equation (2) is recast as
where
is discharge as a function of time and distance along a river and p(t) is the rate of precipitation. Here we assume that
where is frequency. Constants are p • and S, which ensure that p(t) ≥ 0 (i.e., p • ≥ S).
In Figure 19 , we have inverted three river profiles to determine how uplift rate varies as a function of time for different histories of precipitation rate. In each case, v • was chosen to ensure that vA m ≈ v • Q m when p(t) = p • . Uplift rate histories were calculated for different precipitation rates, which varied from 0 to 12 m yr −1 with periods of 0.1 Myr to 30 Myr. These values were chosen to reflect the likely range of Eocene to Recent precipitation rates, including modern-day extrema [Nicholson, 2001; Feakins and Demenocal, 2008; Milliman and Farnsworth, 2011] . Recovered uplift rate histories are indistinguishable when precipitation rate varies with periods as long as 1 Myr. We conclude that orbital forcing of humid-arid cycles does not significantly affect our results. Longer-period variations in precipitation rate (e.g., 30 Myr) are more important because knickzone retreat velocities speed up and slow down as a function of time and distance upstream. In a wet-dry-wet precipitation cycle that lasts for 50 Ma, all three river profiles are matched, but peak uplift rates are shifted toward the present day, compared with a constant precipitation model. In a dry-wet-dry cycle, peak uplift rates are shifted backward in time. These time shifts are small, given the amplitude and frequency of precipitation changes. Similar results were obtained for Africa-wide inverse models ( Figure 15 ). Thus, short period (i.e., orbitally modulated) changes in precipitation rate have little effect on cumulative uplift histories. Long-period (e.g., wet-dry-wet and dry-wet-dry) cycles are more important, but even they do not dramatically alter our results (compare, for example, Figures 15e and 15i, Figures 20d and 20e , and Figures 20g and 20h ).
Geologic Calibration
Three categories of geologic and geophysical observations were used to check the results of inverse modeling. First, it is generally accepted that African topography was subdued during Paleogene times when thick lateritic deposits draped large swathes of the continent (Figure 12a ). This observation implies that the bulk of modern African topography developed during the last 30 Myr. The present-day position of pre-Cenozoic marine strata provides a useful indication of areas that have experienced later uplift [Sahagian, 1988] ( Figure 12b ). Secondly, widespread magmatism began at 30-40 Ma. This magmatism was generated by subplate convective circulation, which probably played a central role in generating Africa's basin-and-swell physiography during the Neogene Period. Thirdly, certain convective swells, especially in subequatorial Africa, intersect coastlines where uplifted marine deposits provide independent estimates of regional uplift.
Intraplate Cenozoic volcanism in Africa is largely restricted to intercratonic areas [Thorpe and Smith, 1974] . Predicted episodes of uplift correlate reasonably well with periods of more intense magmatic activity in Hoggar, Tibesti, and Afar (Figures 12b, 21a , and 21c) [Liégeois et al., 2005; Thorpe and Smith, 1974] . In the Afar region, the most rapid uplift occurred between 40 and 30 Ma when widespread flood basalts spread across the Ethiopian Plateau [Beccaluva et al., 2011] . Between 30 Ma and the present day, both predicted uplift and magmatism young southward along the East African Rift (Figure 12b ) [McDougall and Brown, 2009 Observed and calculated uplift histories for six topographic swells. Thick black lines = cumulative uplift history at swell center; solid circles = present-day height at swell center; other symbols = independent geologic estimates of uplift/denudation; red bars/lines = magmatic activity [Reid et al., 1990; Woolley, 2001; Liégeois et al., 2005; Permenter and Oppenheimer, 2007; McDougall and Brown, 2009] . (a, c) Blue bars = periods of marine limestone deposition [Goudarzi, 1970; Swezey, 2009] . (b) Thin black lines = crustal cooling estimates from apatite fission track analyses [Luft et al., 2005] ; depth of 60 • C partial annealing zone indicated as dotted line [Raab et al., 2005] . (d) Thin black line = cumulative uplift history adjacent to uplift estimate of Lavier et al. [2001] . (e) Thin black lines = crustal cooling estimates for Rwenzori Mountains, Uganda [Bauer et al., 2013] .
and obtained local uplift rates that also match our regional predictions (0.06-0.08 mm yr −1 ). Volcanic rocks are also useful benchmarks for incision rates. For example, Gani et al. [2007] used K-Ar and 40 Ar∕ 39 Ar dating of Cenozoic volcanic rocks to determine long-term incision rates of the Blue Nile, which drains the Ethiopian Plateau. These rates have increased steadily from 30 Ma to the present day. Estimates of net rock uplift since 30 Ma roughly agree with our cumulative uplift history of Afar region at the headwaters of the Blue Nile.
In subequatorial Africa, the South African, Namibian, and Bié swells intersect the coastline. Partridge [1998] and Partridge and Maud [1987] used the distribution of emergent, and occasionally marine, terraces and raised beaches to suggest that the South African dome was uplifted in a series of discrete episodes during post-Miocene times (Figures 12b and 17) . Their uplift estimates are consistent with our predicted uplift history and corroborate Burke's [1996] suggestion that up to 800 m of uplift has occurred since Oligocene times. Radiometric dating of fauna from perched river terrace gravels has yielded post-Pliocene uplift 10.1002/2013TC003479 rates of ∼0.35 mm yr −1 along the eastern South African coast [Partridge and Maud, 1987, 2000] . Along the Western Cape, however, a series of stepped paleoshorelines suggest lower uplift rates of <0.1 mm yr −1 [Roberts and Brink, 2002] . Thus, a pronounced east-west gradient of uplift rate exists along the coast of southern Africa (Figure 12b ). This gradient is reproduced in our topographic growth predictions of the South African swell (Figure 15 ). Asymmetric uplift is thought to have been centralized along a series of clearly defined axes, which affected Neogene drainage planforms [Partridge and Maud, 1987; Dollar, 1998; Partridge and Maud, 2000] .
Along the Angolan margin adjacent to the Bié swell, Plio-Pleistocene uplift rates have been determined by a combination of dating and calibrating of emergent marine terrace deposits [e.g., Guiraud et al., 2010] . Within the exhumed Kwanza basin, Jackson et al. [2005] used the biozonation of planktonic foraminifera to identify major hiatuses in marine sedimentation, which are thought to indicate phases of uplift and exhumation. The most important phases occurred during Oligo-Miocene and Plio-Pleistocene times and vary in amplitude along the shelf. Rivers that drain the Bié dome usually have deeply incised middle and upper reaches (e.g., Figure 7a ).
Similar evidence for incision is evident along the edge of the Namibian dome, ∼1500 km farther south where deep and narrow canyons exist. The 250 m deep Kuiseb Canyon is thought to have resulted from a pulse of high incision rates and headward erosion which started 2.8 Myr ago [Van der Wateren and Dunai, 2001] . Biostratigraphical evidence from perched marine deposits, duricrusts, and gravel terraces in this area suggests that an episode of river incision and landscape rejuvenation affected southwest Namibia during Pliocene times [Smith et al., 1993; Van der Wateren and Dunai, 2001] . Incision continues today, sculpting Holocene valley silts of the Kuiseb River into dramatic hanging remnants known locally as "castles" [e.g., Wienecke and Rust, 1975; Smith et al., 1993] . These observations are consistent with renewed growth of the Namibian dome at ∼10 Ma (Figure 15 ). Pleistocene incision rates of 0.04-0.16 mm yr −1 , estimated from 21 Ne analyses on terraces and pediment surfaces cut by the Kuiseb River, compare favorably with our predicted uplift rates of ∼0.1 mm yr −1 (Figures 12 and 15) [ Van der Wateren and Dunai, 2001] . Figure 21 summarizes these geomorphologic constraints and compares them with predicted cumulative uplift histories of six major swells. Our results can also be compared with thermochronological studies. Many studies have been carried out, especially in southern Africa [e.g., Brown et al., 2002; Raab et al., 2002; Luft et al., 2005; Raab et al., 2005] . There, three major cooling episodes appear to have taken place since Paleozoic times [Bauer et al., 2013] . However, thermochronologic studies generally yield low, or decelerating, rates of Cenozoic cooling. For example, Tinker et al. [2008] infer that significant cooling, and therefore rock exhumation, had occurred by Late Cretaceous times due to the paucity of younger tracks. Thermal modeling of fission track data from the Namibian and South African passive margins indicates that a discrete phase of denudation occurred at 130 Ma, possibly associated with opening of the South Atlantic Ocean . Since that time, at least 4.5 km of denudation has taken place along the coastal rim of the Drakensberg Escarpment. Renewed denudation of ∼0.2 km Myr −1 occurred in Late Cretaceous times (∼90-70 Myr). During Cenozoic times, denudation rates are as low as <0.02 km Myr −1 Raab et al., 2005] .
Apatite and titanite (U-Th)/He thermochronometry do not necessarily preclude post-Mesozoic uplift and denudation. Flowers and Schoene [2010] give an upper bound estimate of 850 m for Cenozoic unroofing, with exhumation rates decelerating toward the present day. However, late Cenozoic cooling and denudation has not been reported from analyses of subsurface apatite grains collected from boreholes Van der Beek et al., 2002] . Uplift and partial erosion of the Namibian swell matches rapid exhumation of basement rocks after 35 Ma (Figure 21 ) [Luft et al., 2005] . Cosmogenic dating of pediment surfaces in the Namib Desert are consistent with late Neogene denudation and fluvial incision [Van der Wateren and Dunai, 2001] . It is likely that Neogene regional uplift has outpaced denudation across much of subequatorial Africa and does not have a clear thermochronologic signature [Burke, 1996; Foster and Gleadow, 1996; Burke and Gunnell, 2008; Bauer et al., 2013] .
Sediment Flux Histories
River channels and their tributaries are primary conduits for sedimentary transport. Thus, observations of sedimentary accumulation at major offshore deltas are a useful way of testing models that predict topographic growth as a function of time and space. Milliman and Syvitski [1992] analyzed the modern discharge of sediment from 280 rivers and concluded that sediment yield is strongly controlled by a combination of basin size and relief. This global study was revised and expanded by Milliman and Farnsworth [2011] who analyzed 760 rivers for which sedimentary data exist. They confirmed that erosion, transport, and discharge of particulate and dissolved solids mostly reflect the cumulative effects of drainage basin size and morphology.
Here we scrutinize the relationship between observed and predicted sedimentary discharge for 10 African rivers. First, we devise a forward modeling technique to estimate the sediment flux of a drainage catchment PAUL ET AL.
as a function of time. Given an uplift rate history, the shape of a river profile can be reconstructed with time. At any time, the area difference between a current and previous profile is a crude measure of the amount of eroded sediment at that time. A sediment flux history can be computed by integrating over differences between successive profiles for each time step. A similar scheme is used for different tributaries, thus enabling the total sediment flux for a drainage catchment as a function of time to be estimated. This flux is necessarily a minimum, but it can be adjusted using the difference between present-day topography and a summit envelope fitted to drainage divides. Figure 22 shows preliminary estimates of predicted cumulative sedimentary flux for 10 African catchments. In each case, sediment flux dramatically increases between 30 and 20 Ma, coeval with the predicted growth of topography (Figure 15 ). Larger and steeper catchments (e.g., Niger, Orange, and Zambezi) produce much greater cumulative sediment fluxes than smaller and shallower catchments (Shebelle, Senegal, and Volta).
Despite significant uncertainties, it is illuminating to compare these predictions with measured estimates of solid sedimentary flux at major deltas. In the best constrained examples (e.g., Zambezi, Nile, and Orange), these estimates are based upon grids of regional seismic reflection profiles, which were calibrated with well-log information and used to map out the thickness and extent of sedimentary packages [e.g., Walford et al., 2005; Guillocheau et al., 2012; Macgregor, 2012] . In many deltas, clastic flux increases at 30 ± 5 Ma in agreement with predicted estimates. Total predicted volumes are highly smoothed overestimates since significant volumes of sediment can be transported into deeper waters. The largest differences between observed and predicted fluxes are for the Niger and Orange deltas. The Niger delta is deformed by thin-skinned extension and compression, which transports sedimentary packages downslope toward the base of the continental shelf where they are poorly imaged [Cohen and McClay, 1996; Doust and Omatsola, 1990] . Sedimentary bypass and longshore drift caused by the Benguela Current, which initiated during mid-Miocene times and intensified toward the present day, has dispersed sediment away from the Orange delta [Rogers and Rau, 2006; Diester-Haass et al., 2002] . This dispersion is further complicated by changes of entry point of the Orange River between 28 • S and 31 • S up until late Miocene times [Dingle and Hendey, 1984] .
There are other important discrepancies. For example, a rapid increase in sedimentation rate occurred between 5 and 10 Myr within the Niger, Nile, Ogooue, and Zambezi deltas. Rapid Plio-Pleistocene sedimentation of the Zambezi delta may be a consequence of capture of the upper Zambezi river, which previously drained into the Okavango delta, by the lower Zambezi river [Walford et al., 2005] .
Nonetheless, this preliminary analysis suggests that temporal and spatial patterns of regional uplift play an important role in determining sedimentary transport to large deltas. Peaks of sedimentation during Eocene, Miocene, and Pliocene times have been correlated with periods of maximum relief onshore [Dollar, 1998] . The existence of commonalities over large distances suggests that the driving mechanism operates over a regional scale, which is consistent with long-wavelength (greater than hundreds of kilometers) dynamic topographic support. Continent-scale climate change can also influence sediment budgets on short timescales [e.g., Armitage et al., 2011; Whittaker, 2012] . Rapid changes of precipitation rate may not necessarily lead to sustained changes in sediment flux owing to negative feedback within the river catchment [Armitage et al., 2011] . Temporal patterns of precipitation rate are generally short compared to the longevity of river profiles. It is likely that the effects of changing precipitation and sedimentary erodibility are subordinate to parameters such as basin area, elevation, and relief [Milliman and Syvitski, 1992; Hovius, 1998; Milliman and Farnsworth, 2011] .
Discussion
The evolution of drainage networks is undoubtedly complicated and poorly understood. Despite lack of a proper dynamical description, modest progress can be made by analyzing large inventories of river profiles on a continent-wide basis. To carry out this analysis, we have developed an inverse algorithm that is based upon a widely used semiempirical description of river profile evolution. A fundamental premise is that the shape of a river profile is governed by uplift rate and moderated by erosive processes. Provided that these erosive processes can be adequately parameterized, it is possible to pose and solve the inverse problem, namely, what distribution of uplift rate as a function of space and time minimizes the misfit between observed and calculated river profiles? Large numbers of river profiles on a continent-wide basis have been fitted with small residual misfits, and the predicted pattern of cumulative uplift through space and time broadly fits a suite of geologic and geophysical observations. The ability to model numerous river profiles in this way suggests that drainage networks are responding to external forcing. Uplift signals travel up river channels and their tributaries at speeds that depend nonlinearly on upstream drainage area. The coherency of these kinematic waves across multiple drainage catchments is striking and important.
These results suggest that African topography is youthful and that it developed over the last 30-40 Myr [Burke, 1996; Burke and Gunnell, 2008] . There have been other attempts to model African drainage patterns, which reached radically different conclusions. Gilchrist et al. [1994] carried out a series of numerical experiments which suggest that denudation of southwest Africa occurred before Cenozoic times. They suggested that the marginal topographic upwarps of Namibia and the western Cape were caused by flexural isostatic uplift, immediately following Mesozoic continental breakup. Forward models of landscape evolution, calibrated with fission track analyses, were used to support this hypothesis. Gilchrist et al. [1994] and Van der Beek et al. [2002] have run forward models that are 10 times too slow, which means that the Drakensberg Escarpment takes 100 Myr to retreat a distance of 100 km. According to the uplift rates determined from emergent marine terraces along the west and south African coastlines, K f v R should actually be >10 4 m Ma −1 .
The relationship between topography and free-air gravity anomalies suggests that African physiography is maintained by the underlying pattern of mantle convection. Gurnis et al. [2000] and Conrad and Gurnis [2003] show that long-wavelength uplift of subequatorial Africa might be supported by a gigantic lower mantle convective anomaly. Neither model predicts the existence and growth of shorter-wavelength swells that rim southern Africa (Figure 23c ). Instead, these swells may be supported by minor convective upwellings located immediately beneath the lithospheric plate [Al-Hajri et al., 2010] . [2011] predict the development of African dynamic topography by simulating reverse advection of density anomalies identified from seismic tomographic models (Figures 23g-23i) . Their model predicts growth and decay of short (∼ 10 3 km) wavelength basins and swells over the last 25 Myr. However, it is less successful at predicting the development of long-wavelength topography in subequatorial Africa (Figures 23j-23l) . A dominant feature of their model is the Afar swell, which grows southward (Figure 23l ). Shorter-wavelength swells (e.g., Hoggar, Tibesti, and Bié) and basins (e.g., Congo) are less well resolved.
Moucha and Forte
The inability of dynamic models to predict detailed spatial and temporal patterns of cumulative uplift suggests that these features are supported by subplate convective anomalies that are, as yet, poorly resolved by global tomographic models. Regional surface wave tomographic models are capable of imaging some of these features (e.g., the Cameroon Line, the Hoggar, Tibesti, and Bié domes) [Al-Hajri et al., 2010] . The sequential growth of shorter-wavelength African topography can be predicted by exploiting the interpretable signals contained within drainage networks.
Conclusions
We have modeled an inventory of 710 river profiles in order to reconstruct an uplift rate history for Africa since 50 Ma. The residual misfit between observed and predicted river profiles is 4.6. The cumulative uplift model suggests that African topography grew in two phases. Between 40 and 30 Ma, a series of small volcanic swells developed in North and East Africa. The largest of these swells occurred beneath Afar and quickly spread southwestward along the future East African Rift. At 20 Ma, long-wavelength uplift of subequatorial Africa commenced. Finally, a series of short-wavelength, and mostly amagmatic, swells grew along the Atlantic margin. This history is broadly consistent with a range of geomorphic, geologic, and geophysical constraints.
An inverse strategy enables us to investigate how erosional parameters affect our results. We conclude that shapes of river profiles are strongly controlled by knickzone retreat (i.e., detachment-limited advective processes) and that erosional diffusivity (i.e., transport-limited processes) plays a less significant role. Knickzone retreat is predominantly controlled by upstream drainage area to a fractional power (i.e., A m where m = 0.3-0.5). Consequently, our results are not seriously affected by large variations in A (i.e., river capture events, drainage divide migration). There is no evidence for shock behavior (i.e., n ∼ 1). Finally, we have used our strategy to investigate how precipitation rate changes affect calculated histories of uplift. We conclude that short-term (e.g., orbitally modulated) changes are unimportant but that systematic long-term (e.g., ∼10 Myr) changes could affect predicted uplift rate histories.
King [1951] first articulated a link between multiple post-Gondwana erosion cycles and the development of pediplains and peneplains by parallel scarp retreat. He suggested that the succession of extensive flat surfaces which occur throughout southern Africa represents discrete episodes of landscape rejuvenation [e.g., King, 1951; Partridge and Maud, 1987; Burke and Gunnell, 2008] . However, there is considerable debate about the veracity of this polycyclic landscape model. Alternative models suggest that peneplanation is lithologically controlled, emphasizing tectonic stability and negligible scarp retreat during Cenozoic times [Gilchrist et al., 1994; Brown et al., 2002; Van der Beek et al., 2002] . Nevertheless, renewed axial uplift does appear to have occurred during Miocene and late Pliocene times and has been linked to the formation of a peneplained "post-African Surface," originally called the "African Surface" [King, 1951; Burke and Gunnell, 2008] . This uplift probably triggered deep incision along coastal reaches of southern African rivers. For example, the ∼150 m deep Koa Valley was carved into basement rocks of Namaqualand 120 km from the coast [Dollar, 1998; De Wit, 1999] . During Pliocene times, straightening of lower reaches of the Orange River, generation of flights of aggradational fluvial terraces, and changes in river bed load to increasingly coarse clastic rocks, all reflect a pulse of regional uplift [Dingle and Hendey, 1984; De Wit, 1999; Partridge and Maud, 2000] . Others argue that drainage reorganization and subsequent landscape evolution are primarily controlled by Mesozoic rifting and marginal upwarp [Gilchrist et al., 1994; Van der Beek et al., 2002] .
Our principal conclusion is that drainage networks contain interpretable signals about spatial and temporal patterns of regional uplift that sculpted the African landscape. Sequential growth of long-and short-wavelength swells suggests that different scales of convective circulation have operated beneath the African plate during Neogene times [De Wit, 2003; Burke and Gunnell, 2008] . One possibility is that a "superplume" is emplaced within the lower mantle, spawning localized upwellings within the upper mantle [Nyblade and Robinson, 1994; Gurnis et al., 2000; Lithgow-Bertelloni and Richards, 1998 ]. Alternatively, spatial and temporal changes in lithospheric thickness could provide the dominant control for vertical motions. Either way, carefully calibrated modeling of drainage networks may provide a key to unlock the surficial manifestations of mantle processes. 
